Introduction 47
ultra-high speed shadowgraphic imaging to confirm that both resulting cavitation-bubbles are 70 responding in the f0/2 regime, yet the spectrum of the combined acoustic emissions reveals no 71 perceptible sub-harmonic content, or higher harmonics of the sub-harmonic. The spectral model 72
for PSWs is extended to account for a multi-nucleated system. The experimental arrangement is broadly similar to that described in detail in our previous 84 report, 7 with two modifications distinguishing the current work. Briefly, a single element 85 piezoceramic transducer (H-149, Sonic Concepts, Bothell, WA), generates a 90-cycle burst of 86 HIFU at f0 = 692 kHz and peak-positive pressure amplitude, ≅ 1.63 ± 0.12 MPa, which 87 drives cavitation at the focus in the f0/2 regime. 7 A needle hydrophone (NH, 1.0 mm diameter, 88
PVdF, Precision Acoustics, Dorchester, UK), calibrated for magnitude and phase over a bandwidth 89 of 125 kHz to 20 MHz, in 25 kHz increments 9 (National Physical Laboratory, Teddington, UK, 90 2016), is mounted within a central hole through the body of the HIFU transducer, such that it aligns 91 to the propagation axis of the field generated, Fig. 1 (a) and (b). Steps taken to measure the HIFU 92 amplitude with the NH in the inverted position, Fig. 1 (a) , which may be expected to perturb the 93 field are described in detail. 
94
Cavitation is introduced to the focus of the HIFU field via the laser-nucleation technique. and fitted to the experimental data.
7 Synthetic acoustic f0 and 2f0 components from both bubbles 152 in combination, of amplitudes and phases 10.68 ± 0.62 kPa, 121.75° ± 5.31° and 1.88 ± 0.52 kPa 153 and 52.59° ± 21.96°, respectively, can be added for consistency with the full synthetic spectrum 154 construction procedure described previously.
7 This yields a cross correlation coefficient of 0.96 155 between the full synthetic and experimental spectra (solid grey, Fig. 3 (c) ), indicating the signal is 156 well represented. However, for the purpose of developing the model below to derive a window 157 function in the frequency domain, we consider only the PSW spectra (red dot , Fig 3. (c) ) of the 158 synthetic PSW signal, which presents peaks at all relevant frequency values. 159
Inspection of the PSW profiles of Fig. 3 (b) , demonstrates that the shock waves from the 160 top and bottom bubbles can be distinguished by their full-width at half maximum (FWHM), with 161 the wider shocks from the lower bubble, detected at 31.66 and 34.37 µs, due to the more obliqueincidence to the NH tip. Bandpass filtering of the experimental deconvolved and control-subtracted 163 NH signal, Fig. 3 (a) , from 1.5 to 20 MHz to remove f0 and 2f0 components within the NH 164 calibration range, reveals detected shock widths of = 40.57 ± 3.97 and = 165 65.00 ± 7.62 ns from the top and bottom bubbles, respectively. 
Spectral analysis model for dual bubbles 178 179
To analyze the effect on the spectrum of the combined emissions from the dual cavitation-bubble 180 system represented in Fig. 2 , we consider the synthetic PSW signal that would be detected by the 181 NH from both bubbles, ( ), as the sum of the synthetic PSW signals from the top bubble, 182 ( ), and bottom bubble, ( ), emitted in isolation from the other. The effects of bubble-183 bubble interactions, which will be particularly prevalent at smaller inter-bubble distances, are 184 discussed below.
( ) and ( ) are deduced from the distinct shock wave profile FWHMs 185 apparent from Fig. 3 (b) , in combination with the high speed image sequence of the activity, such 186 that each shock wave and its source bubble is individually identified. As both bubbles are 187 responding to the HIFU in the same f0/2 sub-harmonic regime, ( ) can be approximated in 188 terms of ( ), as 189 including the sub-harmonic and its higher harmonics, and f0 and its higher harmonics, consistent 215 with our previous report. 7 In applying the window function of Eq. (2), to deduce the PSW spectrum 216 from the dual-bubble system, however, all spectral content at nf0/2 for odd-values of n, are 217 suppressed, in line with the experimental spectrum of the dual-bubble emissions, collected by the 218 NH, (solid grey, Fig. 3 (c)) . 219 220
Discussion 221 222
With this experiment, we have definitively demonstrated that a medium can host cavitation activity, 223 of a particular regime, and yet appear not to generate the acoustic signals specifically associated 224 with that regime. In the particular example presented, the cavitation sub-harmonic at f0/2, and its 225 higher harmonics, which are signals widely used to infer the very existence of acoustic cavitation, 1- 
226
4 are significantly suppressed for any detector aligned to the HIFU axis. A windowing function is 227 analytically expressed to predict the frequency values at which peak suppressions will occur for 228 the spectrum of the dual-bubble cavitation activity, in terms of the PSW spectrum from one of the 229 component bubbles. This confirms suppression at nf0/2, for odd values of n, as seen in the 230 experimental results. Moreover, the resulting signal enhancement, at even values of n (harmonics 231 of f0), could easily be misinterpreted as due to nonlinear HIFU propagation, rather than cavitation 232
activity. 233
From Fig. 2 , the distance between the hydrophone tip and the top and bottom bubbles is 234 6.6 and 4.3 ± 0.1 mm, respectively. Fig. 3 (b) indicates that the maximum instantaneous amplitude 235 of the emissions from each bubble ≈ 30 kPa. Assuming the pressure amplitude decays in inverseproportion to the propagation distance, the highest instantaneous pressure within the emissions 237 from the source bubble, at the location of the second bubble, is ~ 100 kPa. The analysis therefore 238 assumes that the emissions from either bubble are dominated by the HIFU driving, and not 239 significantly influenced by the other bubble, for the short duration of ~ 20 µs over which they are 240 sampled. For extended driving durations, and smaller inter-bubble distances, bubble-bubble 241 interactions will become significant. For example, secondary radiation force-induced translation, 242 which is not perceptible within the high speed imaging of Fig. 2 and Mm. 1, would lead to 243 windowing parameters that are also a function of time. 244
The model easily allows other configurations of two f0/2 bubbles to be considered, under 245 the assumption that they can be considered as two independent sources. If the bubbles, emitting 246
PSWs in phase, were configured orthogonally to the HIFU propagation axis, at an inter-bubble 247 spacing of λ0, the shock waves from each bubble would arrive at the hydrophone tip, at the same 248 time. The magnitude of the f0/2 peak would therefore be double that from either bubble, emitting 249 individually. Alternatively, an inter-bubble spacing of λ0/2, along the HIFU propagation axis, will 250 result in an effective shock wave detection frequency of 2f0 at the hydrophone. This would halve 251 the value of τ used above, doubling the frequency values at which suppression occurs, such that 252 odd-order f0 harmonics (f0, 3f0, 5f0, 7f0…) are suppressed. 253
More than two bubbles responding in the same regime would result in additional r and 254 values, and more complex periodic windowing functions, of variable frequency spacing and 255 degrees of suppression. For multiple cavitation-bubbles responding to an insonation in different 256 sub-harmonic regimes, such as for a HIFU field with bubbles simultaneously within the focus and 257 also outside of it, the windowing function cannot be analytically derived. However, the presented 258 model may be applicable for combinations of f0/n and f0/m (where n ≠ m) bubbles within limited
